ILLUSTRATIONS (Conti nued)

INTRODUCTION
Long Island ( fig. 1 ) extends from the southeastern part of the mainland of New York State eastward about 120 miles into the Atlantic Ocean and has a total area of about 1,400 mi2 (square miles). Kings and Queens Counties, which are part of New York City, occupy slightly less than 200 mi2 of the western part of the island and have a combined population of more than 4.1 million people. Nassau and Suffolk Counties, which form the central and eastern parts of the island, have areas of about 290 and 920 mi2 , respectively, and a combined population of over 2.5 million.
Background
Although the New York City part of Long Island derives most of its water supply from upstate surface-water sources, Nassau and Suffolk Counties derive their entire water supply from wells that tap the underlying ground-water reservoir. Approximately 1,000 public-supply wells supply about 400 Mgal/d (million gallons per day) to the 3.1 million people that use ground water.
The use and development of the ground water and the land uses associated with the island's large population have affected the patterns of ground-water recharge and discharge and thereby altered the quantity of water available. In addition, the land uses have affected the availability and chemical quality of the water.
The ground-water reservoir under Long Island contains large quantities of water of high quality suitable for human consumption and most other uses, but the supply is neither limitless nor invulnerable to the effects of human activities. The principal ground-water problems at present concern water quality, such as contamination from leaky gasoline and oil tanks, leachate from municipal landfills, urban runoff from paved areas into recharge areas, use of lawn chemicals, industrial chemical spills, and saltwater intrusion.
Although the threats to this important sole source of water may seem limitless, knowledge of the hydraulics and chemistry of the system has enabled informed management decisions to be made. Some problems involving saltwater intrusion now appear to be under control, and the sources of some domestic contaminants such as detergents and nitrates have been removed. The supply of potable water beneath Long Island is large, and a well-informed management with a sound understanding of the hydrologic system is the key to optimal use of this renewable resource.
Purpose and Scope
This report explains the scientific aspects of Long Island's ground-water resources, summarizes much of the information obtained during the more than 45 years of the U.S. Geological Survey's study of Long Island's ground-water system, and describes the causes of four selected ground-water-contamination problems and the management responses.
The first two sections introduce the basic principles of ground-water occurrence and describe some techniques used to obtain information on this resource. The third section describes the physical characteristics of the Long Island ground-water system, and the fourth section describes the development of Long Island's ground-water resources since the time of the earliest European settlers. The fifth section presents four historic examples of problems that have developed to illustrate the variety of threats to the island's ground-water resources and how management, through a scientific understanding of the resource, has addressed such problems. 
THE HYDROLOGIC SYSTEM
Water is continuously migrating between the atmosphere, the ground, the ocean, and back to the atmosphere within a system known as the hydrologic cycle, depicted in figure 2. Water evaporates from the oceans and land surface, and much of it accumulates into rain clouds, some of which move inland and release water onto the land. Of the water that reaches the land surface, some flows overland to streams, some evaporates, and some infiltrates the soil and percolates to underlying formations, where it eventually moves as ground water to streams or the ocean.
All water originates from and returns to the oceans, but not all of it completes all phases of the hydrologic cycle; some water may take short cuts or be detained in the overall circulation. An example of water that does not complete the full cycle is that which is evaporated from land and is returned as precipitation, only to evaporate again. 
Arrows show
The phases of the hydrologic cycle are precipitation, evaporation, transpiration, sublimation, runoff, infiltration, and subsurface water (ground water), which are explained in the glossary and illustrated in figure 2. Ground water, the source of water supply for 3.1 million people on Long Island, is described below.
Ground-Water Reservoir
Subsurface water is found in both the unsaturated zone (zone of aeration) and the saturated zone ( fig. 2) . The quantity of water in the unsaturated zone fluctuates in response to precipitation and evapotranspiration. This water seeps downward to the water table (the top of the saturated deposits) under the influence of gravity but is not recoverable to any extent for water supply above this level.
All material below the water table is saturated with ground water. Geologic units below the water table that transmit water readily to wells are known as aquifers; those that do not transmit water readily to wells are known as confining units. An aquifer that is in direct contact with the atmosphere through open pores in the overlying geologic material is called an unconfined aquifer; an aquifer that is separated from the atmosphere by relatively impermeable geologic material, such as clay, is called a confined aquifer. The Long Island ground-water reservoir contains confined and unconfined aquifers, as described later on.
Ground-Water Quality
Almost all materials on and beneath the land surface are soluble in water to some extent; therefore, all ground water contains dissolved elements and compounds. The chemical nature of these substances and their concentrations determine the quality of the water.
As ground water moves through the aquifer system, its quality may change considerably. The type and degree of change is determined by the flow path of the water and by the type of materials with which it comes into contact. These processes also are discussed further on.
METHODS OF STUDYING THE GROUND-WATER SYSTEM
Understanding a specific ground-water system (such as Long Island) requires knowledge of (1) the physical laws that govern the hydraulic and chemical processes within the ground-water system; and (2) the geologic, hydrologic, and geochemical environments within that system. Applying the physical laws to the available data on the local geology, hydrology, and chemistry yields a general concept of the system's operation.
A review of the basic laws of physics, hydraulics, and chemistry is beyond the scope of this report but is available from many sources. The collection of data needed to describe a ground-water system involves several steps and many considerations, as described in the following sections.
Types of Information Required
The types of information needed to describe the geologic, hydrologic, and geochemical environments of a specific aquifer system include:
(1) The distribution, thickness, and composition of the subsurface deposits to develop a concept of the internal and external dimensions of the groundwater system. The thickness and lithologic characteristics of the geologic materials provide an indication of their water-transmitting and storing properties that is, how rapidly the materials transmit water and how much water is stored.
(2) The three-dimensional distribution of the mechanical energy of the water in the deposits, in terms of the measured water level, to define the directions of water movement. (In unconfined aquifers, the water table also forms the top boundary of the saturated deposits.) (3) The type and distribution of chemicals dissolved in the water; and (4) The transmitting and storing properties of the geologic deposits, to calculate the rate and direction of water movement. These data are needed to predict the response of the aquifer to future stresses such as increased pumping and the direction and extent of contaminant migration.
The above categories are not all-inclusive but indicate the type of information required for a hydrologic study. The following sections describe methods of collecting these data. The types of data collected are classified into two groups here for convenience data collected from the subsurface, and data collected at land surface.
Data from Subsurface Investigations
Ground-water systems cannot be analyzed by direct visual examination. The most common means of obtaining information on a ground-water system is to drill wells; this provides information on the geologic units, water levels, and the chemistry of the system ( fig. 3) .
One of the first steps of a ground-water-system analysis is to identify the geologic deposits beneath land surface. The geologist's log of the material encountered during drilling ( fig. 3A) generally gives an accurate indication of the type of materials present. Samples of the geologic deposits obtained during drilling can be used for detailed visual examination and laboratory tests. Some of these laboratory tests are sieve analyses, which indicate the grain-size distribution of the materials, and permeability tests, which indicate the ability of the material to transmit water.
A geophysical logger can be used to delineate in detail the changes in materials with depth below land surface by measuring the natural gamma radiation and the electric resistivity of the formation. A geophysical log is obtained by slowly lowering a probe down the well and continuously recording the response to the geologic units at successive depths. A trained geohydrologist can then interpret the measurements and make inferences as to the physical makeup of the formation. For example, the gamma-ray log shown in figure 3B indicates an increase in gamma reflection where the line is deflected to the right; to a geohydrologist, this indicates that clay is present at those depths. These clay layers are corroborated in the geologist's description of sampled material ( fig. 3A) .
If the hole is drilled to obtain only geologic information, it is later filled and will provide no other information. However, if it was drilled to obtain a water supply or information on the hydraulics and(or) chemistry of the ground-water system, a steel or plastic pipe (called a casing) usually is installed in the hole to prevent it from collapsing, especially if the well is drilled in unconsolidated sediments. A section of the well casing called the well screen has holes or slots to allow water to flow into the well from the formation while preventing large particles from entering. The size of the hole drilled and the type of casing installed depend on the desired use. Most deep public-supply wells have a large diameter (1 to 3 feet), whereas wells installed for water-level observations or sampling commonly have a diameter as small as 2 inches.
The altitude of water in the well (water level) is essential for an accurate description of the ground-water system at that location because the water level reflects the hydraulic pressure in the part of the aquifer that is screened. The water level can be measured manually at selected time intervals or by continuous water-level recorder ( fig. 3C ) to obtain a graph of the water-level fluctuation through time.
The well also can be pumped to provide water samples ( fig. 3D ) for analysis by a chemical laboratory to identify the elements and compounds present and determine their concentrations. If the well is sampled on a regular basis, the concentrations can be graphed through time to indicate trends in the chemical quality of the water.
The water-level and chemical data from wells describe conditions of the aquifer at only the screened depth in the aquifer, and the geologic data describe the geologic formation throughout the depth of the well, but these data pertain only to the well's immediate vicinity. Data from this location must then be correlated with data from other wells and then extrapolated to define the entire continuous aquifer system. All measured data have an inherent degree of uncertainty, and the extension of the data from one locality to an entire aquifer system increases the uncertainty. Thus, the greater the amount of subsurface information available, the more certain will be the resulting description of the ground-water system.
Data from Land-Surface Measurements
Data collected at land surface are important in describing the groundwater system, and collection of surface data is usually much easier and more economical than subsurface investigations. The data that are collected at land surface can be placed into two broad classes:
(1) factors that are independent of the ground-water system, such as precipitation, and (2) factors that are dependent on the ground-water system, such as ground-water seepage to streams.
Probably the most important natural factor within the first category is precipitation. Rainfall is the initial source of all fresh ground water; thus, an accurate measurement of annual rainfall is needed to quantify the hydrologic system. Small weather stations are used to collect these and other data, such as air temperature and evaporation rates.
Other surface factors that can affect the ground-water system are large streams whose main source of water is distant from the area being studied but provide recharge to the ground-water system through streambed infiltration, and chemical spills at land surface that infiltrate with rainwater into the ground-water system.
A major element in the second category (factors that depend on the ground-water system) is ground-water seepage into lakes and streams. The water-surface altitude in lakes and streams that are in hydraulic connection with the ground-water system is the same as the water level in the aquifer at the edge of the lake or stream. Similarly, the chemical quality of the water leaving the ground-water system as seepage to lakes and streams is an indicator of the quality of water in the aquifer itself.
Data collected from the land surface--water levels and water-quality data indicate the hydraulic head (water-table altitude), rate and direction of flow, and chemical quality. Accurate measurement of these factors is an integral part in formulating a concept of the system's operation to enable prediction of the effects of future stresses.
Water-Quality Analysis
Water-quality data are obtained from laboratory analyses of water samples. These analyses are rarely comprehensive, however, because any given sample can have hundreds of separate physical, chemical, and biological characteristics. The constituents tested for depend on the purpose of the study and may differ widely from study to study, even among studies conducted in the same general area.
Although no water-quality study can be called "typical," most such studies have two things in common. First, the data are obtained by three general steps, illustrated in figure 4 , and second, the data generally are interpreted, in part, through comparison with previous analyses or with State or Federal water-quality standards and analysis of spatial trends. Therefore, individuals working at different times or in different places must use essentially the same procedures so that results can be compared. Each step in the data-collecting process described below has standard methods and procedures that have been adopted by national and international organizations.
To obtain accurate water-quality data, one must begin with suitable water samples; therefore, the first consideration in ground-water sampling is to obtain samples that are representative of the water being studied and to prevent contamination or alteration of samples during collection and storage.
Once a water sample has been collected, its chemical character begins to change almost immediately; a major goal in water-quality studies is to A.
Step 1-sampling. (Pump sufficient water before sampling to obtain representative formation water.) B.
Step 2--field procedures to measure time-dependent characteristics. (Split and preserve sample for laboratory analysis.) C.
Step 3--laboratory procedures. (Use standard methods, maintain quality control, obtain accurate and reproducible results.)
minimize the amount of change. Thus, the second step in data collection is to measure, in the field, those characteristics that change most rapidly as soon as possible after the sample is obtained. Among these characteristics are temperature and the concentration of dissolved gases. Because the large majority of water-quality characteristics can be more conveniently and accurately measured in the laboratory, the samples must be preserved in the field to prevent significant changes during transit or storage.
The third step in data collection is performed in the laboratory. Established procedures are used to identify and quantify inorganic and organic chemicals that are dissolved or suspended in the sample. Regardless of the substance being tested for, standard methods are used, and careful attention is paid to quality-control procedures so that the results obtained are both accurate and reproducible. Plotting the chemical concentrations of a water sample and the changes through time are only part of the process of interpreting water quality; these results must then be related to other hydrologic information to obtain a detailed concept of the system and its dynamics.
Use of a Monitoring-WelI Network for Data CompiI atIon
As stated earlier, the data obtained from a well are representative of the aquifer only in the vicinity of the well bore, screen, and(or) opening. The acquisition of data from the entire aquifer system requires a network of wells in conjunction with the precipitation and other surface data. The data obtained from this network can then be used to describe the aquifer's geologic, hydrologic, and geochemical characteristics both in a horizontal and vertical direction.
Networks of monitoring wells have been installed on Long Island to obtain water levels. The water-level measurements, when plotted on a map ( fig. 5A ) , can be used to contour the water-table altitude ( fig. 5B ). Ground water moves from high areas to lower areas, roughly perpendicular to water-table contours. Thus, the water-table contours can be used to approximate the paths (flow lines) of the water ( fig. 5C ). Further interpretation based on hydraulicconductivity estimates can be used to predict approximate traveltimes for the movement of water through the mapped system. The traveltimes, used in conjunction with data on the distribution of chemical concentrations, may be used to generate hypotheses as to the source and fate of the chemical constitutents moving with the ground water.
Most monitoring networks designed for a specific purpose require wells in addition to those already in the area. Care must be taken in evaluating data from random wells to ensure that no bias is introduced in the data collection. For example, a potential bias can occur in areas where all wells that have had contamination have been abandoned and all remaining active wells indicate acceptable quality, which can lead to inaccurate conclusions.
The purpose of a monitoring network is to identify the geologic conditions and to measure water levels, chemical concentrations, and related characteristics periodically to determine the changes over time. The data obtained from a monitoring network can be used in conjunction with data on the hydraulic boundaries of the hydrologic system to construct contour maps and graphs of these aquifer characteristics. This in turn allows testing of hypotheses through computer simulations to formulate a concept of the dynamics of the aquifer system. 
--Generalized maps showing: Use of water-LeveL data (A) to indicate water-table altitude (B) and inferred direction of ground-water flow (C).
Computer Simulations
Management of ground-water resources is based on legal and political considerations, but the response of the aquifer system to development and stress is independent of legal and political boundaries and is not confined to the vicinity of a specific town or other sociopolitical entity. Thus, effective local management requires information on the occurrence and movement of water throughout the entire system as well as locally.
Many hydraulic characteristics of an aquifer system, such as natural recharge and discharge, are related to one another in a quantifiable way. If these relations can be correctly represented mathematically over a broad area, the future response of ground-water levels throughout the system to a given stress or to various water-management schemes can be estimated. The ability to estimate the aquifer's response to future stresses for example, increased pumping--is a great help in developing long-term water-management plans.
The physical processes that govern the flow of water and chemicals in a ground-water system operate continuously in space and time and can be defined mathematically. These mathematical expressions, known as mathematical models, are based on the conservation of mass and energy and represent the cause-andeffect relationships within ground-water systems.
A method commonly used to solve these mathematical expressions is computer simulation (modeling), which enables quantitative predictions of the effects of proposed actions on ground-water levels. A simulation of a ground-water system requires that the hydraulic properties throughout the breadth and thickness of the aquifer system be specified accurately. Because these values are only approximately known, and because the roles of some aquifer characteristics are poorly understood, the model predictions are subject to error and can be only as accurate as the data and assumptions used in model construction and operation.
A model is a simplified representation of some aspects of a real system. A computerized ground-water flow model is designed to indicate the patterns of flow within the real ground-water system by solving the mathematical equations that describe the system. A three-dimensional ground-water flow model of the Long Island aquifer system (fig. 6) was developed in the early 1980's and used to predict the effects of sanitary sewers on water levels and streamflow. In this particular model, the ground-water system is represented in three dimensions by a grid of many blocks, each representing a certain area (fig .  6A ) and depth interval. Values are assigned to each block to represent the hydraulic properties of that block, and the model is then used to calculate the hydraulic head that would result within each of these blocks when a stress is applied, such as lack of recharge, and then to plot the resulting head distribution as shown in figure 6D , which shows the predicted declines in water levels that would prevail after the installation of sewers. The conceptual process and the products of computer simulation are identical to the process of using water-level measurements to draw water-table contours and inferring flow lines as described in the previous section and illustrated in figure 5. The principal difference is that in delineating water-table contours by hand, actual field values (measured water levels) are used, and the contours between points are inferred by a hydrologist or generated by a computer. The water-table contour represents the ground-water conditions at the actual time of measurement. With computer simulations, many hydrologic variables are considered at once over a large area and represented mathematically. Imagined or proposed changes in one or more variables can then be applied to the model to predict or estimate the response of the system.
Even though quantitative analyses (and computer simulations in particular) provide information on hydraulic relations within the ground-water system and can be used to estimate the system's response to future stresses, they are not a panacea because they are only as reliable as the assumptions and data on which they are based. When developed properly, however, they provide an indication of the system's response to specific stresses, which can then be used by water managers to evaluate the best choices for future development.
LONG ISLAND'S GROUND-WATER SYSTEM
Ground water on Long Island occurs in a wedge-shaped mass of unconsolidated sand, gravel, and clay deposits that dip southward ( fig. 7) . These unconsolidated deposits can be classified into several hydrogeologic units on the basis of hydraulic properties, composition, and age. The major hydrogeologic units of the ground-water reservoir of Long Island are shown in figure 7. 
Depositional History
Long Island is underlain by unconsolidated deposits of clay, silt, sand, and gravel that rest on southward-dipping crystalline bedrock. The geologic units and corresponding hydrogeologic units are summarized in table 1. The deeper (older) unconsolidated units were deposited during the Cretaceous Period (63 to 138 million years ago) and now form, in ascending order, the Raritan Formation, Magothy Formation and Matawan Group, undifferentiated, and Monmouth Group (table 1).
The Tertiary Period (2 to 63 million years ago) throughout Long Island was either a time of nondeposition or of deposition followed by complete erosion, inasmuch as all traces of Tertiary deposits are absent. The Pleistocene Epoch, which followed the Tertiary Period and lasted from 1.8 million years ago to 10 thousand years ago, was a period when much of northern North America, including most of Long Island, was overlain by continental glaciers. Recent studies on Long Island indicate the final Wisconsin glaciation stage to have contained two stades and an interstade--an early and [Modified from Nemickas and Koszalka, 1982, (Sirkin and Mills, 1975; Nieter and others, 1975) . The Montauk Till Member of the Manhasset Formation, which consists of moraine and outwash sediments, was deposited on Long Island during the Wisconsin glaciation. A layer of marine clay, the Gardiners Clay ( fig. 7) , was deposited during the Sangamon interglaciation before Wisconsin glaciation.
As the glaciers retreated northward, meltwater ponded between the ice and the central moraine of Long Island and formed streams that flowed through topographic lows. These streams subsequently eroded the moraine itself and formed north-south-trending channels.
With the final recession of continental glaciers 10 thousand years ago, sea level rose to its present position or higher. As a result of this rise, parts of the glacial deposits were inundated.
Hydrogeologic Units
The hydrogeologic units that lie between bedrock and the water table are saturated and form Long Island's ground-water reservoir. The reservoir ranges in thickness from zero in the northern part of Queens County to more than 2,000 feet in south-central Suffolk County. (See fig. 7 .)
The ground-water reservoir consists of three major aquifers that are, from oldest to youngest, the Lloyd aquifer, the Magothy aquifer, and the upper glacial aquifer. (See fig. 7 and table 3, at end of report.) Ground water in the upper glacial aquifer and locally in the Magothy aquifer generally is under water-table conditions; water in the Lloyd and most of the Magothy aquifer is under confined (artesian) conditions.
Major clay beds between the aquifers, as well as thinner clay beds within the aquifers, form confining units. The major confining units in the groundwater reservoir (table 3) are the Raritan confining unit, which underlies the entire island, and the Gardiners Clay, in the southern part of Long Island. The extensiveness, continuity, and low hydraulic conductivity (the ability of a unit to transmit water) of the Raritan clay make it an important component in the flow pattern of the system. The upper glacial aquifer generally corresponds to the saturated upper part of the highly permeable Pleistocene deposits; in most of Long Island, it is under water-table conditions and is the major source of water supply in Suffolk County.
The upper part of the Magothy aquifer is under water-table conditions where it is in direct contact with the upper glacial aquifer, but, in most areas, it is overlain by units of lower permeability and therefore is confined. It is the major source of water in Nassau County.
The Lloyd aquifer directly underlies the unnamed clay member of the Raritan Formation. Bedrock forms the lower limit of this deep confined aquifer and of the ground-water system. The Lloyd aquifer is the major source of water supply for many south-shore coastal communities. Its use elsewhere is restricted because other freshwater supplies are available.
Movement of Water
Precipitation that infiltrates and percolates to the water table is Long Island's only natural source of freshwater because the ground-water system, as on any island, is bounded on the bottom by relatively impermeable bedrock and on the sides by salty ground water or saline bays and the ocean. The flow path of freshwater from the water table to a point of discharge is three dimensional and is affected by the geometry and hydraulic characteristics of the aquifers, the distribution, geometry, and hydraulic characteristics of the confining units, the rate and location of precipitation and recharge, the proximity and type of discharge points, and the distribution of hydraulic head (water levels) throughout the geohydrologic system. About half the precipitation that falls enters the ground-water system through infiltration; the rest flows overland to streams or is lost through evapotranspiration. Much of the precipitation that reaches the upper glacial aquifer moves laterally and discharges to streams and surrounding saltwater bodies; the remainder seeps downward to recharge the deeper aquifers. Water enters these deep aquifers very slowly in areas where confining units are present but enters freely in other areas. Water in the deeper aquifers also moves seaward, along upward vertical gradients that cause seepage into overlying aquifers ( fig. 8) . Some of this water enters the freshwater-bearing parts of the overlying aquifer and thus remains within the system for long periods before discharging to the surrounding salty surface-water bodies, but some enters the nearshore part of the overlying aquifer, in which the water is salty. Thus freshwater is continuously being lost from the system. Saltwater has a greater density than freshwater, and, when the two fluids are adjacent to each other in the aquifer, they do not readily mix under natural conditions. Rather, a zone of diffusion forms at the interface, through which virtually no flow occurs. A generalized vertical hydrologic section showing the flow patterns in the Long Island aquifer system under natural conditions is given in figure 8 .
Under natural conditions on Long Island, the rate of horizontal groundwater flow through the aquifers ranges from a few feet to several hundred feet per year. The rate of vertical flow is much slower probably 10 to 100 times slower than in the horizontal direction because stratification and clay layers within and between the aquifers impede vertical flow.
Chemical Quality of Water under Predevelopment Conditions
As water moves through the hydrologic cycle, it dissolves some of the substances with which it comes in contact. The kinds of chemicals in the water and their concentrations are therefore determined by the flow path of the water, by the type and solubility of the materials, and by the amount of time that the water is in contact with these materials.
Data on the chemical quality of water at several points in Long Island's hydrologic system before development are presented in table 4 (at end of report); the locations of these points are shown in figure 9 . The water at these points is probably unaffected by human activities (although it is affected by precipitation, which carries particulates from the air, some of which are generated by man). Although much of the upper glacial aquifer on Long Island has been affected by human activities, water in the deeper aquifers may be hundreds to thousands of years old and is, therefore, largely protected from surface contamination by the confining units.
A logical point at which to begin any study of water quality on Long Island is the precipitation phase of the hydrologic cycle because it is the only natural source of freshwater. Even before precipitation reaches land surface, it acquires low concentrations of several compounds.
(See sample 1 in table 3.) The most probable sources of these chemicals are the salts from sea spray, which are picked up as air moves over the ocean, and particles of dust and gases in the air. Reilly, Buxton, Franke, and Wait, 1988f fig. 4-) After precipitation reaches land surface, it undergoes significant changes. Almost half of the water (but not the dissolved chemicals) returns to the atmosphere through evaporation from land surfaces and from the soil zone through transpiration by plants. As a result, the concentration of most chemicals in recharge water is almost double that of precipitation. As the water percolates through the soil zone, it acquires new chemicals, and this process continues in the lower, less chemically and less biologically active zone of aeration below the soil, although at a slower rate ( fig. 2) .
Comparison of precipitation data with shallow ground-water (upper glacial aquifer) data (table 4) shows an increase in the concentration of almost all constituents as the water moves from land surface to the upper glacial aquifer. Unlike the soil zone, geologic materials that form the upper glacial, Magothy, and Lloyd aquifers are only slightly soluble; thus, the chemical quality of water changes relatively little within the ground-water system (compare samples 3, 4, 5, 6 in table 4) until it flows into and mixes with the salty ground water near the margins of the island. Sample 7 in table 4 indicates the sudden increase in total dissolved-solids concentration (from tens to thousands of milligrams per liter) at the freshwater-saltwater interface.
Some of Long Island's ground water discharges to streams and ponds; about 95 percent of the streamflow on Long Island is derived from ground water near land surface; thus, the chemical quality of Long Island's surface water is similar to that of the near-surface ground water. (Compare the values for samples 2 and 3, stream water and ground water, in table 4 .)
The analyses presented in table 4 illustrate the chemical changes that occur in water as it moves through Long Island's hydrologic system. These are consistent with analyses of many other samples collected at various points on the island and indicate the following conclusions about the quality of Long Island's water in undisturbed areas:
(1) Freshwater in undisturbed parts of Long Island has a low total dissolved-solids concentration less than 50 mg/L;
(2) The dissolved-solids concentration changes little as the water moves through the ground-water reservoir because the geologic materials beneath Long Island are relatively nonreactive;
(3) Most of Long Island's ground water is slightly acidic (pH is 4.5 to 6.1, table 4), which makes it mildly corrosive to metals, and ground water in some areas contains iron in concentrations that exceed the recommended limit of 0.3 mg/L. The elevated iron concentrations probably are caused by the dissolution of pyrite (iron sulfide) nodules that occur in some parts of the Magothy and Lloyd aquifers. Only minor treatment is necessary to correct these problems, however. Otherwise the water in undisturbed areas is within U.S. Environmental Protection Agency primary drinking-water standards for all constituents.
HISTORICAL DEVELOPMENT OF LONG ISLAND'S GROUND-WATER RESOURCES
Pumping and Wastewater Disposal
Over the last three centuries, the island's ground-water use has developed through three distinct phases. In the first, which began with the arrival of European settlers in the mid-17th century, virtually every house had its own shallow well that tapped the uppermost unconsolidated geologic deposits, and also had its own cesspool that returned wastewater to these same deposits. Because population was sparse, this recycling process had little effect on quantity and quality of shallow ground water. During the next two centuries, the population increased steadily, and, by the end of the 19th century, the individual wells in some areas had been abandoned in favor of shallow public-supply wells.
The second phase began with the rapid population growth and urbanization that occurred during the first half of the 20th century. The high permeability of Long Island's deposits encouraged the widespread use of domestic wastewater-disposal systems, and the contamination resulting from increased wastewater discharge led to the eventual abandonment of many domestic wells and shallow public-supply wells for deeper, high-capacity wells. In general, pumping these deep wells had only a small effect on the shallow ground water and related surface-water systems because most of the water was returned to the ground-water reservoir through domestic wastewater-disposal systems. Contamination of shallow ground water from the surface waste-disposal systems continued, however.
The third and present phase began in the early 1950's with the introduction of large-scale sewer systems in the more heavily populated areas. The purpose of the sewers was to prevent domestic waste-water from entering the aquifer system because contaminants were being detected in deep publicsupply wells. Even though the sewers protect the aquifers from further contamination, they also prevent the replenishment that the wastewater had provided to the ground-water reservoir through wastewater-disposal systems. The wastewater is now diverted to sewage-treatment plants and from there to the bays and oceans. As a result, the water table in sewered areas has been substantially lowered, the base flow of streams in turn has been reduced or eliminated, and the length of perennial streams has decreased.
Water-Qua Ii ty Deter i orat i on
The quality of ground water on Long Island is related to the pumping patterns as well as to changing patterns of land use that reflect the eastward population growth since the mid-19th century. The quality of almost all of Long Island's fresh ground water was excellent before development. Today, the ground-water reservoir still contains a vast amount of potable water, but the quality has changed considerably in some areas that are affected by human activities. Except where saltwater intrusion has occurred, ground-water quality improves with depth because most human-induced contaminants enter the ground water at or near land surface, and the water moves so slowly that it can take thousands of years to move through the deep aquifer system. Because man has been influencing the system only within the last century or so and has had a major effect only within the last few decades, most of the serious contamination remains near the top of the saturated deposits. As a result, the upper glacial aquifer ( fig. 7) , the uppermost of the three major aquifers, has been most seriously contaminated from surface sources. The Lloyd aquifer, in contrast, is the least contaminated because it is not only the deepest aquifer but is overlain by a confining clay (Raritan clay), which protects it from surface contamination. Saltwater encroachment is a serious threat to water quality in the Lloyd aquifer, however, especially under the barrier islands along the south shore ( fig. 1) , where the aquifer not only has an offshore saltwater front but is potentially subject to slow infiltration of saltwater from the overlying Magothy aquifer.
The severity of ground-water contamination on Long Island reflects the eastward population growth that has taken place since the mid-19th century. At present, ground-water development and the associated water-quality problems are greatest in the western part of Long Island and diminish eastward.
Western Long Is Land
Population growth in western Long Island (Kings and western Queens Counties, fig. 1 ) in the late 19th and early 20th century generated rapid ground-water development. The continued increase in pumping of ground water for industry and public supply, in addition to several other effects of urbanization, resulted in severe water-level declines and saltwater intrusion. As a result, pumping for public supply in Kings County was stopped in 1947. Pumping in parts of Queens County for public supply has continued, but the trend has been to abandon wells that show evidence of contamination and to install new ones farther eastward, farther from the shores, and near the center of the island, where water levels are higher.
Eastern Queens and western Nassau Counties became highly urbanized during mid-1940 J s and 1950's. The upper glacial aquifer in this area has been extensively contaminated from sources at or near land surface, such as cesspools and industrial waste-disposal sites; therefore, most of the water supply in this area is derived from deep wells that tap the Magothy aquifer, Jameco aquifer, and the Lloyd aquifer ( fig. 7) . Most of this area is sewered, which has caused a general decline of ground-water levels and an increased potential for local saltwater intrusion into the aquifers.
Eastern Long Is Land
Eastern Nassau and western Suffolk Counties experienced rapid population growth from the 1950's into the 1970 J s, and large areas in both counties have been sewered. Saltwater encroachment has not yet been reported, but the increased pumping stress and sewers are causing an imbalance in the ground-water system. Eastern Suffolk County, including the north and south forks ( fig. 1) , is undergoing rapid population growth, which has resulted in higher ground-water demands in a delicately balanced freshwater/saltwater system. The increasing water demand has caused local upward saltwater intrusion in the Montauk area, and, on the north fork, some ground water has been contaminated by pesticides used in agriculture, as explained in the case studies farther on.
A summary of the major sources of ground-water contamination on Long Island is given in table 2. The number or quantity of the various sources of contamination given in table 2 are from the Long Island Regional Planning Board (1978) ; thus, the numbers may now (1988) be somewhat different. Yet, this extensive list clearly indicates many potential threats to the groundwater system of Long Island. Because Long Island's ground-water resource is extensive, proper management can, and is, protecting the resource. The following case studies illustrate how each problem may call for a different solution. In these examples, the solutions include the importing of water, improvement in the design of treatment facilities, wellhead treatment, monitoring of water quality, or simply waiting.
Saltwater Encroachment into Kings and Queens Counties
The ground-water supply in Kings and Queens Counties was developed in the 19th century with the rapid population growth of Kings County (Brooklyn) and western Queens County. Water was obtained from shallow wells and also from streams. Most of the water from these sources was returned to the aquifer through underground waste-disposal systems. This caused only minor changes in the water-table configuration, but, as the demand for public and industrial water supply grew, the number of wells and the quantity of water pumped increased, and local declines in the water table became more pronounced. From 1903 to 1943, the ground-water reservoir in Kings and Queens Counties supplied an average of more than 120 Mgal/d for industrial and public supply.
As Kings and Queens Counties became increasingly urbanized, storm sewers and sanitary sewers were installed to divert wastewater to the sea that previously would have recharged the ground-water system. At the same time, paving and construction increased the amount of impervious land surface, which reduced the area available for infiltration of precipitation; this, in turn, decreased recharge further. These changes, along with the continuous increase in industrial and water-supply pumpage, caused severe declines in the water table and potentiometric-head loss in the deeper aquifers through the 1930*s and 1940's (Buxton and others, 1981) . Figures 11A and 11B show the watertable configuration in 1906 and in 1945. Water-table declines caused many lakes and streams to disappear and severely decreased flow in the remaining streams. At the same time, drawdown near the shores induced the movement of saltwater into the aquifers, which caused the chloride concentrations in ground water to increase. The deterioration of water quality soon required the cessation of ground-water pumping and the development of an alternative source of water supply. Ground water was abandoned as a source of water supply in Kings County in 1947 and in much of Queens County in 1974 (Buxton and others, 1981) . Today, the entire population of Kings County and most of Queens County is supplied with water from upstate reservoirs.
Since the cessation of pumping, the ground-water system of western Long Island is recovering, and water levels in parts of Kings County are approaching levels of 1906 (Buxton and others, 1981) . Figures 12A and 12B show the water-table configuration in 1974 and in 1981. The latter approaches the 1906 level. One consequence of this is that deep basements and subway tunnels built during the period of low water levels are now being flooded, and continuous dewatering is now required in some areas.
Although chloride concentrations seem to be decreasing in some parts of Kings and Queens Counties, they still exceed predevelopment levels. In addition, some ground water has been contaminated from sources at or near land surface, such as fertilizers, underground sewage-disposal systems, landfills, large cemeteries, road salt, leaking sewers, and spills of toxic chemicals. Figure 11A . Water-table configurat^on in Kings and Queens Counties in 1906. (Modified from Veatch and others, 1906, plate 12.) In summary, the problems in Kings and Queens Counties were (1) saltwater encroachment near the shores in response to the severe declines in ground-water levels that resulted from overpumping of the ground-water system, and the loss of recharge through extensive paving and through implementation of storm and sanitary sewers; and (2) a general deterioration of the quality of ground water as a result of urbanization. In response to these problems, water was imported from upstate reservoirs to provide a dependable and high-quality water supply. An adverse side effect was the flooding of deep basements and subway tunnels as the ground-water levels recovered.
Leachate from Onsite Waste-Disposal Systems in Nassau County
Because Long Island has permeable, sandy soil, suburban houses in Nassau and Suffolk Counties were designed to dispose of their wastewater through Figure 11B . --Water-table configuration in Kings and Queens Counties in 1945. (Modified from Jacob, 1945, plate 1.) septic tanks and cesspools. This practice recirculates the water pumped for domestic use back into the ground-water system. Contaminants from these onsite waste-disposal systems move into the ground-water system along with the wastewater. Of these contaminants, nitrate is the most readily observable.
Nitrate also can come from sources other than wastewater-disposal systems. Before 1950, when agriculture was one of the principal industries in Nassau County, much of the land was under cultivation, as documented by Bond (1947) in records of 1875-1945 agricultural practices. Recent isotope data suggest that the use of fertilizers for lawns as well as for agriculture also contributed nitrate to ground water (Kreitler and others, 1978 Figure 12A . Water-tabLe configuration in Kings and Queens Counties in 1974. (Modified from Koszalka, 1975, plate. 1.) concentration increased significantly in the Magothy aquifer (Ragone and others, 1981) . Most pumping in the suburban areas is by public-supply wells that tap the Magothy aquifer; this pumping increases the hydraulic gradient toward the well or well field and alters the ground-water flowlines in the aquifer for long distances. This increase in gradient may cause water with elevated nitrate concentration to flow downward from the upper glacial aquifer into the Magothy aquifer near the well and speed the degradation of water quality in the Magothy aquifer.
Because the onsite disposal systems were the source of much of the nitrate and many other contaminants, parts of northern Nassau County were sewered before the 1950's. The southwestern part was sewered in the early 1950's, and the southeastern part of Nassau County was sewered in the late 1970's and early 1980's. Sanitary sewers collect the domestic wastewater and route it to treatment plants, where it is discharged to tidewater. Figure 12B . Water-tabie configuration in Kings and Queens Counties in 1981. (Modified from Buxton and others, 1981, fig. 21 .)
The introduction of municipal sewers has helped to arrest the contamination of the upper glacial aquifer from sewage (Ragone and others, 1980) but, in so doing, has deprived the ground-water reservoir of a significant volume of water that, in previous years, was returned through wastewater-disposal systems. This loss of water to surrounding tidewater has had marked effects on the hydrologic system (Reilly and others, 1983, p. 35) , in particular, a decline in the water table and in the potentiometric head in the Magothy and Lloyd aquifers and a corresponding reduction in streamflow, stream length, lake levels, and freshwater outflow to the bays and ocean. These declines also have created a tendency for saltwater intrusion into the aquifers near the shores. These changes may have adverse aesthetic, ecologic, and economic effects. For example, the lakes and streams are important for wildlife and recreation, and the steady discharge of fresh streamflow and ground water to Great South Bay maintains a specific reduced level of salinity that is essential to the survival of the island's shellfish industry.
In summary, the contamination of ground water was caused largely by nitrates and other chemicals that discharged to the upper glacial aquifer from domestic wastewater-disposal systems. Sewers and sewage-treatment plants were constructed to reduce the number of domestic disposal systems. Benefits were a reliable, sanitary means to dispose of domestic wastewater and prevent it from contaminating the ground water; adverse effects were a lowering of ground-water levels, reduction in base flow to streams, and a decrease in the amount of freshwater flowing to wetlands and bays.
Leachate from Landfills in Suffolk County
Contamination of ground water by leachate from solid-waste landfills has become a problem of general concern on Long Island. Water from precipitation enters and seeps through the landfills, where it dissolves a variety of constituents to form leachate, as illustrated in figure 13 . Kimmei and Braids, 1980, fig. 19.) and the leachate has degraded water in the entire thickness of the aquifer beneath and downgradient from the landfill in a plume that is 1,900 feet wide at the landfill and narrows to about 700 feet near its terminus 10,000 feet from the landfill (Kimmel and Braids, 1980) . The most highly contaminated ground water contained 860 mg/L sodium, 100 mg/L potassium, 565 mg/L calcium, 100 mg/L magnesium, 2,700 mg/L bicarbonate, and 1,300 mg/L chloride (Kimmel and Braids, 1980) .
The movement of the landfill plume is determined by the flow pattern of ground water, which, in central Long Island, is predominantly horizontal and southward. The plume is confined to the upper glacial aquifer by the Gardiners Clay, which restricts downward flow (see fig. 7 ). As the front of the plume moves, the landfill leachate can degrade the quality of ground water over a wide area. As contaminated ground water moves downgradient from the landfill, dilution and sorption reduce the chemical concentrations, but the size of the leachate-enriched region is expected to increase for many years after the accumulation of refuse ceases.
In summary, the problem in this area was contamination of ground water by landfill leachate. The cause of the problem was leakage of chemicals and the percolation of precipitation through refuse to form leachate that then entered the ground-water system. The response for this particular landfill, where the problem has prevailed for 30 to 40 years, was to cover the landfill with impervious materials and monitor the plume as it moves with the ground water and becomes diluted. The monitoring is done to ensure that no drinking-water supplies become contaminated. The clay below the upper glacial aquifer is preventing the leachate-rich water from entering the lower (Magothy) aquifer, the major source of water for public supply. Capping the landfill with impervious material has reduced the generation of new leachate from infiltration of precipitation, but the size of the leachate plume and area of ground-water contamination will increase for many years.
The policy of prevention and waiting, with monitoring, is appropriate because a large volume of ground water was contaminated at the site, and removal and treatment of this amount of water would be impractical. Dilution and natural chemical reactions will help reduce concentrations of contaminants over time, and, because no public-water supplies are threatened, waiting is feasible.
The general response of water managers to the problem of landfill leachate on Long Island has been to require that landfills be designed to prevent leachate from entering the ground-water system and to allow landfill construction only in areas where leakage due to failures in the design would have a minimal effect on public water supplies.
Pesticides in Suffolk County
Potato growing is one of the major industries in eastern Suffolk County. Aldicarb, a highly toxic pesticide that was widely used in that area during 1975-79 to control the Colorado potato beetle and golden nematode, caused widespread contamination in the upper glacial aquifer on the eastern end of Long Island (Soren and Stelz, 1984) . The upper glacial aquifer is the only fresh ground-water supply for parts of eastern Suffolk County. The contamination of ground water by aldicarb led the U.S. Environmental Protection Agency to ban the use of aldicarb on Long Island in February 1980 (Soren and Stelz, U.S. Geological Survey, written commun., 1983) . The New York State Department of Health set an interim maximum of 7 ppb (parts per billion) for aldicarb in drinking water.
Ground-water testing in eastern Suffolk County in 1979-80 showed widespread contamination exceeding the 7-ppb limit, and, as a result, the product's manufacturer installed activated charcoal filters on drinking-water wells that exceeded this limit. By 1982, aldicarb had reached to a depth of about 40 feet below the water table on the North Fork of eastern Suffolk County (Soren and Stelz, 1984, p. 1) . Pumping by large-capacity wells (such as for public supply and irrigation), which can cause large water-table drawdowns , has increased the depth of aldicarb movement into the aquifer locally (Soren and Stelz, 1984) . The extent and depth of contamination are shown in figures 14A and 14B, respectively. Analysis of water samples indicates that aldicarb in eastern Long Island may decline to below 7 ppb some time between 1990 and 2030 (Soren and Stelz, 1984) . Monitoring of aldicarb levels in the upper glacial aquifer is continuing.
In summary, ground water in parts of Suffolk County was contaminated by a pesticide. The cause was overuse of the pesticide in a sandy environment underlain by the sole source of drinking-water supply. In response to this pesticide contamination, use of the pesticide was banned and the water was treated before use to reduce the levels to State health standards. Estimates of aldicarb's rate of degradation on Long Island range from half lives of 2 to 10 years, which would indicate its presence in the aquifer until between 1990 and 2030 (Soren and Stelz, 1984, p. 28) . Ground-water monitoring will be continued to document the recovery process. Robbins, 1982a, 1982b . Map from Soren and Stelz, 1984, pL-! ) To 586 feet (well 71576 at site of 71577) Figure 14B . Vertical distribution of aldicarb along sections A-AK and B-BK in 1982. Stelz, 198S, figs. 5A and 5B. Locations of sections are shown in fig. 14A.) (From Soren and SUMMARY Long Island's ground-water resources are currently the sole source of water supply for 3.1 million people. The ground-water reservoir is extensive and contains an immense quantity of potable water, but the water quality in some areas has been considerably changed by human activities. Ground water moves slowly and can take thousands of years to circulate through the deeper parts of the aquifer system. Human activities have been severely affecting the system for the last 50 years, and some of the resulting changes have the potential for causing long-term damage to the resource without proper State and local management.
Proper management requires an understanding of the basic laws of physics and chemistry that govern the occurrence and movement of ground water and associated chemical constituents; it also requires information on the geometry, hydraulics, and natural chemical quality of the Long Island system. Techniques for studying this hidden resource include collection of ground-water samples and water-level data at wells to define the hydraulics and chemistry of the system, and then interpretation and refinement of this information through techniques such as computer simulation.
The four case studies of human-induced contamination of the ground-water system show how knowledge of the problem and of the hydrologic system can lead to appropriate responses. For the cases discussed, the appropriate responses were: (1) importation of water to reduce or stop saltwater intrusion in Kings and Queens Counties); (2) installation of sanitary sewers to avoid groundwater contamination by domestic waste-disposal systems); (3) improved design, management, and operation of landfills to prevent the formation and entry of leachate into the underlying ground water, and (4) bans on the use of a certain pesticide and temporary treatment of the pumped water until pesticide concentrations are lowered through dilution (flushing) and degradation. All four responses were different, yet appropriate.
Knowledge and understanding are the key to proper management of the island's ground-water resource. Human activities can adversely affect this resource if their effects on the ground-water reservoir are not understood. (1) Stream water:
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